Isochores are long genome segments homogeneous in G+C. Here, we describe an algorithm (IsoFinder) running on the web (http://bioinfo2.ugr.es/IsoF/isofinder.html) able to predict isochores at the sequence level. We move a sliding pointer from left to right along the DNA sequence. At each position of the pointer, we compute the mean G+C values to the left and to the right of the pointer. We then determine the position of the pointer for which the difference between left and right mean values (as measured by the t-statistic) reaches its maximum. Next, we determine the statistical significance of this potential cutting point, after filtering out short-scale heterogeneities below 3 kb by applying a coarse-graining technique. Finally, the program checks whether this significance exceeds a probability threshold. If so, the sequence is cut at this point into two subsequences; otherwise, the sequence remains undivided. The procedure continues recursively for each of the two resulting subsequences created by each cut.
INTRODUCTION
Mammalian genomes are made up of isochores, long DNA segments ( 300 kb) fairly homogeneous in G+C which were first revealed by analytical ultracentrifugation of bulk DNA (1) (2) (3) . The relevance of the isochore model for genome biology is based on observations of gene and SINE (short interspersed repetitive elements) densities, as well as recombination frequency, which are all higher in (G+C)-rich isochores, whereas LINEs (long interspersed repetitive elements) are denser in (G+C)-poor isochores (3) . Besides compositional differences, genome segments separated by isochore boundaries also differ in replication timing, as in the isochores of the human major histocompatibility complex (MHC) locus (4) , or in recombination rates, as in the human neurofibromatosis NF1 region (5) . Isochores are found in a large variety of taxa, including plants and cold-blooded vertebrates, although they are more conspicuous in the genome of warm-blooded vertebrates [see (3) and references therein]. The isochore concept has increased our appreciation of the complexity and compositional variability of eukaryotic genomes (6) , having been recently summarized as 'a fundamental level of genome organization' (7) . The evolutionary origin and maintenance of isochores in today's genomes is currently the object of active debate (7) (8) (9) (10) (11) .
The recent availability of the draft human genome sequence allowed for a direct test of the isochore model. A first analysis denied the existence of isochores in the human chromosomes 21 and 22 (12) , while a second one ruled out a strict notion of isochores as compositionally homogeneous, concluding that isochores do not appear to deserve the prefix 'iso' (13) . Both approaches, however, present serious drawbacks (14) (15) (16) (17) . First, denying the existence of isochores means denying the existence of compositional discontinuities in the human genome and going back to a genome organization characterized by a continuous compositional variation, a view shown to be wrong in the early 1970s (18) . Second, the methodological problem common to the approaches denying isochores is that they take as a reference the random, uncorrelated model *To whom correspondence should be addressed. Tel: +34 958243261; Fax: +34 958244073; Email: oliver@ugr.es
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(in which every nucleotide is free to change) to test sequence homogeneity. This would lead to the absurd conclusion that only highly repetitive DNA sequences would be homogeneous. However, since 1981, when the heterogeneity within isochore families was quantified (19) , we have known that the homogeneity of isochores is only relative-hence their definition as fairly homogeneous regions (3) . Indeed, we have recently shown that when the appropriate scale and statistical test are chosen, isochores still merit the prefix 'iso' (20) .
A third analysis (6) , also based on the random, uncorrelated sequence model, reports a high degree of compositional heterogeneity in the human genome, but fails to detect the most conspicuous isochore boundary experimentally characterized to date, the one separating Class II and Class III regions of the human MHC locus (21) (22) (23) .
In the past few years, we have been developing an algorithm, based on compositional segmentation, able to predict isochore boundaries at the sequence level (17, (24) (25) (26) . Most of the long homogeneous genome regions (LHGRs) predicted by this algorithm can be identified with Bernardi's isochores, given their correlation with biological features such as gene density, SINE and LINE densities, recombination rate and SNP (single nucleotide polymorphism) variability (17, 26) . Its efficacy as compared with other methods has also been proven (26, 27) . Now, after optimizing the algorithm by making several key improvements, we describe its implementation in a computer program (IsoFinder) running on the web (http:// bioinfo2.ugr.es/IsoF/isofinder.html).
METHODS
The partition of a DNA sequence into fairly homogeneous, isochore-like segments is performed by means of a modified version of the entropic compositional segmentation. This algorithm was proposed in 1996 (24) and has proven useful in finding homogeneous regions (28, 29) and measuring the compositional complexity or heterogeneity of DNA sequences (25) .
While the original algorithm was designed to maximize the global difference in composition between adjacent segments and was intended for finding segments at all scales, the modified version presented here maximizes the G+C contrast between adjacent segments and looks for large-scale isochore-like segments.
The algorithm works as follows. Consider a DNA sequence of length L, along which we move a sliding pointer from left to right. At each position of the pointer, we compute the mean G+C values to the left and to the right of the pointer. To measure the difference between left and right mean values, we use the t-statistic. We next determine the position of the pointer for which t reaches its maximum value, t max . Let us assume that this point divides the sequence into two subsequences of lengths L left and L right .
Next, we determine the statistical significance of the candidate to be a cutting point. As we wish to detect only isochore-like segments, we need to avoid the influence of short-scale heterogeneities on the statistical significance. Thus, we filter out the heterogeneity below a given minimum length (' 0 ); i.e. we divide both subsequences into nonoverlapping windows of length ' 0 and compute the G+C content in each window. In this way, we convert the subsequence of length L left (L right ) into an array of L left /' 0 (L right /' 0 ) real numbers corresponding to the G+C content of each window of size ' 0 . The online version of IsoFinder allows the user to choose among three different values for ' 0 (1, 2 and 3 kb) to perform the filtering procedure. However, the results presented in previous works (17, 26) were obtained with ' 0 = 3 kb, which corresponds to a homogeneity criterion for mammalian isochores, derived from ultracentrifugation of DNA at different molecular weights (2) .
To determine the validity of the candidate to be a cutting point, we have to verify that the mean value of G+C of the left-hand-side windows is significantly different from the mean value of G+C in the right-hand-side windows. In doing so, we again use the t-Student statistics, but now computed on the two arrays of real numbers obtained after the filtering procedure, thus obtaining t filt . In this way, the estimator of the difference in composition between left and right subsequences is not affected by short-scale heterogeneities (below ' 0 ).
Since the candidate to be a cutting point was found as the one maximizing the difference in composition, the statistical significance of t filt cannot be measured by the standard Student's distribution. Thus, here we use the distribution of t filt values [P(t = t filt )] obtained by means of Monte Carlo simulations (30) . The significance level P(t) of a possible cutting point with t filt = t is defined as the probability of obtaining the value t or lower values within a random sequence. Thus, a series of N random numbers of fixed mean would remain unsegmented with probability P(t). Finally, we check whether this significance exceeds a selected threshold P 0 , usually taken to be 95%. If so, the sequence is cut at this point into two subsequences; otherwise, the sequence remains undivided. If the sequence is cut, the procedure continues recursively for each of the two resulting subsequences created by each cut. All resulting segments have a statistically significant difference in their means. The process stops when none of the possible cutting points has a significance exceeding P 0 , and we say that the sequence has been segmented at the 'significance level P 0 '. Our method leads to the partitioning of a DNA sequence into LHGRs with well-defined mean G+C levels, each significantly different from the mean G+C level of the adjacent LHGRs. Other algorithms proposed later (27, 31) do not provide the statistical significance of the resulting partition of the sequence.
IMPLEMENTATION AND WEB INTERFACE
IsoFinder core routines were developed using the Lahey/Fujitsu Fortran 95 compiler under Debian Linux. A graphical gnuplot routine (http://www.gnuplot.info/) was used to generate the isochore maps. Lastly, a Perl CGI script for the Apache web server was used to integrate data input/output. Text fields to choose the significance level and the coarse-graining tract length to compute the statistical significance of cutting points are provided in the launch page (http://bioinfo2.ugr.es/IsoF/ isofinder.html). The sequence to be segmented can be uploaded from a file on the local machine or pasted into the appropriate text field. Raw sequences and some of the standard sequence formats (EMBL, GenBank or FASTA) are accepted.
The output web page provides links to the results of sequence segmentation in three formats: (i) coordinates, sizes and G+C contents of the predicted isochores as an HTML table ( Figure 1) ; (ii) the same but in plain text; and (iii) the isochore map of the sequence in PNG format (Figure 2) . These results remain available on the server for 24 h, and the user can access them through the hyperlinks provided in the output page.
EXAMPLES

MHC isochores
Class II (in an L2 isochore) and Class III (in an H3 isochore) regions of the human MHC are the only fully characterized isochores determined at the sequence level to date (21) (22) (23) . Figure 2 shows the segmentation we made of the consensus sequence for the human MHC produced by the Human Chromosome 6 Sequencing Group at the Sanger Centre (http:// www.sanger.ac.uk/HGP/Chr6/published_consensus.fasta). The IsoFinder algorithm enables precise location of the MHC isochore boundaries. The first three predicted boundaries were at positions 2483966, 3054365 and 1841872, corresponding to the sequence junction separating L2 and H3 isochores, the centromeric end of the isochore L2, and the telomeric end of the isochore H3, respectively. The remaining cuts on this sequence all fell outside of these two isochores, thus defining other homogeneous regions within the MHC sequence. Figure 3 . Isochore structure of a region of human chromosome 22 spanning 6 Mb between coordinates 19 000 000 and 25 000 000. Chromosome bands, recombination rate, gene density, CpG islands, best alignments with the chimpanzee genome, haplotype blocks and repeat densities are jointly shown with the isochore structure (top track) of this region.
Isochore visualization with the Genome Browser at UCSC
The Genome Browser at UCSC (http://genome.ucsc.edu/) stacks annotation tracks beneath genome coordinate positions, allowing rapid visual correlation of different types of information. The user can look at a whole chromosome to get a feel for gene density, open a specific cytogenetic band to see a positionally mapped disease-gene candidate, or zoom in to a particular gene to view its spliced ESTs and possible alternative splicing. Isochore predictions by IsoFinder have also been integrated with all this comprehensive genome information (http://bioinfo2.ugr.es/isochores/), being available also at the UCSC genome browser as a custom track (http://genome. cse.ucsc.edu/goldenPath/customTracks/custTracks.html). As an example, the top track in Figure 3 shows the isochore structure of a region of human chromosome 22 integrated with information about chromosome bands, recombination rate, gene density, CpG islands, best alignments with the chimpanzee genome, haplotype blocks and repeat densities.
CONCLUSIONS AND FUTURE DEVELOPMENTS
The IsoFinder web server allows accurate and reliable isochore predictions in genome sequences. Four key advantages of the isochores predicted by IsoFinder are that (i) the isochore heterogeneity at different genome scales is shown in the same plot; (ii) pair-wise compositional differences between adjacent isochores are all statistically significant; (iii) isochore boundaries are accurately defined to single base pair resolution and (iv) both gradual and abrupt isochore boundaries are simultaneously revealed. Apart from the MHC isochores (see above), no other experimentally confirmed isochore dataset exists. Therefore, the algorithm has not been validated against experimental data, using, e.g. parameters such as specificity or sensitivity. Instead, we have used numerical simulations to estimate the error in isochore-boundary determination [see section 2.3 and figure 1 in (26) ]. We found that for typical isochore sizes (300 kb), the relative error ranges from 0.15 to 0.05%.
IsoFinder has also been compared with other available methods. In particular, an extensive comparison of IsoFinder against the wavelet multiresolution method (27) found a very good agreement between both algorithms, the differences being always lower than 1%. The remaining available methods either deny the existence of isochores (12, 13) or fail in detecting even the clearer isochores experimentally identified to date (6) .
Our algorithm has also been successfully used to relate isochore chromosome structure to gene density, SINE and LINE densities and SNP variability (17, 26) . We are now using IsoFinder to analyse the evolutionary factors driving the biased distribution of Alu retrotransposons in human isochores (M. Hackenberg and J. L. Oliver, submitted for publication). There are several other potential applications of the algorithm described here. First, one could scan the predicted LHGR boundaries searching for changes in replication timing known to occur at isochore boundaries (4) . Second, anonymous, recently obtained genomic sequences can now be quickly and accurately scanned for gene-rich regions, as we found that gene density depends heavily on the G+C content of the LHGRs. Third, we have recently shown (32) that the prediction of the coding proportion in a sequence is better when LHGRs, instead of moving windows, are used. Therefore, improvements in computational gene identification are also expected, as the specific compositional parameters of the corresponding isochores can now be taken into account as input for gene-finding programs. Fourth, in the same way, other programs making use of local compositional parameters to predict sequence patterns, such as RepeatMasker, could be improved by considering LHGRs instead of moving windows. Finally, studies of comparative genomics could benefit from the detailed isochore chromosome maps provided by IsoFinder.
